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SUMMARY

An investigation has been made at low speed of the two-dimensional
aerodynamic characteristics of a 10.~1-percent-thick symmetrical airfoil
with area suction near the leading edge. The chordwise extent and
distribution of porosity were adjusted for the purpose of obtaining a
low quantity of suction-air flow for the maximnn possible lift.

The maximum lift coefficient of the basic airfoil was 1.3. A’lift
coefficient of 1.71 was obtained with a section flow coefficient
of 0.0008, and a maximum lift coefficient of 1.78 was obtained with a
section flow coefficient of 0.(X)14.

It was found that for a given lift coefficient a very low power
would be reqpired for suction, provided a suitable permeability and
arrangement of porous material were employed. The flow resistance
characteristics of some porous materials that might be used to provide
such a surface are given.

c,

INTRODUCTION

The attainment of high lift and good stalling characteristics on
moderately thick (.9to 12 percent) wing sections involves the control of
the separation of the air flow in the boundary layer near the leading edge.
The use of devices such as leading-edge flaps and slats has been directed
toward this end (reference 1). Control of the boundary layer has also
been attempted by means of suction through a slot or through a porous
area near the leading edge of the airfoil (references 2 to 5). Theoreti-
cal considerations (reference 4) have shown that the suction-air quantity
required to produce a given lift coefficient can be less for suction over
a porous srea than through a slot. With area suction the problem is one
of attaining the desired lift with mimhmm power. The primary variables
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involved are the extent of porous area, the suction velocity required,
and the surface and flow-resistance characteristics of the porous area.
For a practical application, other considerations such as strength and
serviceability (clogging, etc.) must be considered.

To investigate means of reducing the suction-flow quantity and
power requirements of area suction for increasing maxbnum lift, a
syrmnetricalairfoil with a ~ thickness of 10.51-percent chord
at 35-percent chord was tested in the Ames 7- by 10-foot wind tunnel.
The effects of variations of chordtise distributions of permeability
were investigated from considerations of both the section lift and the
suction-power requirements. The tests included measurements of the
surface pressure distributions,momentum drag, and boundary-layer charac-
teristics.

Measurements were also made of the flow-resistance characteristics
of various types of porous media suitable for use as surface materials
in area suction tests.

IWTA!ITON

The symbols used in this report are defined as follows:

c

c%

c%
cl

Cm

‘Q

%

wing chord, feet

section

section

section

section

profile-drag coefficient
()&

total-drag coefficient (c% + Cw)

()lift ’coefficient -&

pitching-moment coefficient referred to the quarter chord

(M)QC2

section flow coefficient through the outer surface of the

~ vds

()
porous area —

c Uo

(The lhdts of integration are the foremost and rearmost chordwise
points of area suction.)

section power drag coefficient

-,
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v

‘rein

x

Y

a

7

b

8*

drag per &tt span, pounds

()

&boundary-layer shape parameter ~

total-pressure loss, inches of water

lift per unit span, pounds

pitching moment per unit Spsnj pound-feet

()P-POpressure coefficient —
%

static pressure, pounds per square foot

volume rate of flow per unit span, cubic

free-stream dynamic pressure
()
;pouoz ,

distance along airfoil surface, feet

feet per second

pounds per squsxe foot

local velocity outside boundary layer, feet per second

free-stream velocity, feet per second

local velocity within boundary layer, feet per second

suction-air velocity, normal to outer surface of the airfoil,
feet per second

suction-air velocity at the point of minimum etiernsl pressure,
feet per second

distance from airfoil leading edge measured parallel to chord
line, feet

distance

angle “of

ratio of

from airfoil measured normal to surface, feet

attack, degrees

specific heats for air, taken as 1.4

totsl boundary-layer thickness, feet

boundary-layer displacement thickness

[Jx’-$’dy‘:et

.
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e boundary-layer momentum thiclmess [J:;(..;)dq , feet

.

T index of resistivity, defined as the total pressure difference
in inches of water required to induce a suction-air velocity
nomal to the surface of 1 foot per second through a porous
material of a given thiclmess

P ~nent v~ue med ~ the e~tion ~ = @ to define the
flow-resistance characteristics of a given porous material

P mass density of air, slugs per cubic foot

Subscripts

e local external point

o free-stream conditions

1 conditions in suction duct

minminhlum

u uncorrected

SELECTION OF POROUS MATIWXL

In the experhents contemplated for the wing with area suction, it
was proposed to study the effect of a range of suction-air velocities
frcanabout 0.2 to 10 feet per second. The pressure differences across
the porous media necessary to induce these velocities were to be of
the order of 1 to 100 inches of water. A number of different types of
Forous materials were investigated that would satisfy the various
requisite pressure difference and velocity characteristics.

The flow resistance characteristics of the various porous materials
tested are tabulated in table I. A detailed description of the materials
is given in the references noted in the table. As three general types of
yorous media were tested, granular, fibrous, and perforated, a problem
arose in selecttig the form for presenting the results of the porous
spectien tests in a usable manner. For sintered metals and possibly
ceramics, the results could have been presented in terms of a permeability
coefficient that satisfies Ilarcytslaw for flow through granular media
(reference 6). A discussion of the application of Darcy~s law to flow

,,
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fibrous media is given in reference 7. For the purpose of
investigation, the results have been presented in e~ation

relating the velocity to the head loss by

@ = TV~

5

the
form

me values of T ~d T are tabulated in table I for materials of
various thicknesses.

Examination of the characteristics of the porous materials tested
indicated that three classes of materials were available that satisfied
the requirements of the experiments contemplated: filter paperA felt,
and sintered metals. For the purpose of the investigation of this
report, filter paper was selected as the material to be used.

MODELAND APPARNI’US

Model

The 4.5-foot-chord, two-dtiensional model
tion is shown in figure 1. Coordinates of the

used for this investiga-
10.51-percent-thick,

symmetrical airfoil section and a sketch of the profile are given in
table II. For comparison, the profile of a symmetrical NACA,&di@
00-series airfoil of equal maximum thickness is also shown in the sketch.
Flush orifices in the outer surface of the model Termitted measurement
of the pressure distribution.

end
the
and
are

For

Tunnel-wall boundary-layer interference effects necessitated an
plate and slat arrangement, as shawn in figure 1. The span between
end plates was 5 feet. The slats were located between the end plates
the tunnel walls. Pertinent dimensions of the end plates and slats
given in tab~e III.

For the tests of the plain wing, a solid wood nose section was used.
the suction tests, a porous nose section was used. The model contained

an internal plenum chamber and ducting for the porous nose sections. A
typical section through the model is shown in figure 2. Static-pressure
tubes were used to measure the internal pressures. The cross-section area
of the internal plenum chsmber and ducttig was Mrge enough to reduce the
dynamic head of the induced air to negligible values and to insure uniform
internal pressures across the span of the model.

The pezmeable material used for the porous surface of the model was
a commercial grade of filter paper (materials 1 and 2 of table I). The
filter paper was sqgported over a 16-mesh (0.023 diam. wire) wire cloth,
backed by a second rigid 3-mesh (0.063 diam. wire) wire cloth. The wire
cloths were fastened to ribs spaced at 6-inch intervals, as shown in
figure 2. The filter paper was fastened to the surface with a water

—. ——. .——.—— . .— ——
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soluble glue, and extended from
to l-percent chord on the lower

NACATN 2847

6-percent chord on the upper surface
surface.

.

.
Apparatus

The suction pressure required to induce flow through the porous
material was provided by a variable-speed compressor located.outside the
wind tumnel. Air was drawn through the porous nose into the hollow spar
in the wing and then through the ducting system to the compressor.

Boundary-layer measurements were made with a small pressure rake
attached to the surface of the model. Two rakes of different heights
were used, depending on the boundary-layer thiclmess. A laxger survey
rake connected to an integratingmanometer was used to measure wake
pressures for the calcula~ion of wake drag.

TEST MEIHODS

Air flow through the porous area of the
maintaining a pressure inside the model that

airfoil.was induced by
was less than the value

of the ndnimum external pressure as illustrated in figure 3. The
suction-air velocity at a given chordwise station was calculated from

a

the measured pressure difference across the porous material and the flow
resistance characteristics of the porous material given in figure 4. For
a uniform porous material of constant thickness, the pressure differences

2

across the material induced flow velocities normal to the surface that
were a ~1 at the pofit of ~ external yressure and increased
in magnitude in the chordwise direction, as indicated in figure 3. The
method of obtatning data was (1) to maintain various constant values of
suction-flow velocity Vmin at the position of minimum pressure on the
wbg as an angle of
angles of attack as
suction veloclty at
blower system. The
outflow through the

attack was varied, or (2) to maintfi various constant
the v

9
was varied. The largest value of this

the posi ion of minimum pressure was limited by the
smallest value was limited to the condition of no
porous area.

Measurements of pressure distributions and boundary layers at various
angles of attack were made at a test Mach number of 0.14 and a Reynolds
number of 4j370jO00 based on the wing chord. Wake drag data were obtained
for a Reynolds number of 5,030,000. The lift and pitching-moment
characteristicswere calculated from graphical integration of the chordwise
distributions of pressure. The section flow coefficients were calculated
from integration of the suction velocity along the porous surface. The
wake pressures used in calculation of the profile drag were measured by a

%eferred to herein as v*.
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NACA TN 2847 7

survey rake that was located one-half-chord length behind the wing
trailing edge. The total profile drag coefficient was taken to be
equal to the power drag coefficient ~ plus the profile coefficient

c%”

reel-wall corrections, as described in reference 8, have not been
applied to the data. The correction in degrees ~yadded to the
angle of attack for correcting the data to free-air conditions would be
0.384 thes the section lift coefficient.

The flow-resistance characteristics of the v=ious porous materials
were obtained by means of the apparatus shown in figure 5. The test
setup consisted of a 5-inch-diameter pipe in which the specimen under
test was clsmped between flanges of the pipe. The air flow through the
material was induced by a variable-speed ccqpressor. The rate of air
flow was measured by means of a standard A.S.M.E. orifice. The pressure
loss across the material was measured by means of pipe taps. * some
of the materials tested were nonrigid, it was necessary to back the
materials with a 16-mesh (0.023 dism. wire) wire cloth as shown in
figure 5(b). The pressure loss across the wire cloth was negligible
through the range of air flow tested.

RESULTS AND DISCUSSION

Plain wing

Evaluation of the effects of area suction as a means of boundary-
layer control canbe made by comp=ison of the results for the plain wing
with those for the wing with area suction. The question arises, however,
as to the type of plain wing surface condition that should be used as a
basis for the ccmrparison. With the permeable nose sections, the surface
would be considered as a “rough surface” because of the filter paper
covering. For this reason, tests were made of the plain wing tith both
smooth and rough surface conditions. The rough surface condition
consisted of a single thickness of filter paper glued to the wing in
exactly the same position as used with the porous nose sections.

The lift, profile drag, and pitching-moment coefficients of the
plain wing for both surface conditions =e given in figure 6.

Smooth surface condition.- The data in figure 6 for the smooth
surface condition show characteristics similar to those of moderately
thin wing sections which stall from the leading edge (reference 9). This
type of stalJ_is characterized by abrupt changes in the lift and pitching
moment when the angle of attack for maximum lift is exceeded, with little
or no rounding over of the lift curve near maximm lift. me increase h
drag with lift is moderate up to the stall. The chordtise pressure
distributions in figure 7 show a gradual increase in the peak negative

—— —.— — — -- -——



8 IIACA~ 2847

pressures up to the stall followed by an abrupt collapse with a
redistribution of the pressures chordwise, giving the flat-type pressure
distribution characteristic of separated flow. T’Ms redistribution of
pressure after the stall results in a rearward shift in the center of
pressure and the abrupt negative shift in pitching moment shown in
figure 6.

The pressure data were plotted for given chordwise stations against
angle of attick in figure 8(a) to tidicate the pressure discontinuities
which have been shownby reference 9 to be indicative of the presence
of a localized region of laminar separation followed by transition and
reattachment of the turbulent boundary layer. The discontinuities in
the curves shown in figure 8(a), caused by the passage of the separation
bubble over the orifice, result from the relatively constant pressure
within the bubble. The discontinuities in the pressure data were first
noticeable at the 2.5-percent-chord station for ~ ~!31e of attack
of 5.5°. The data showed that the pressure discontinuity gradually moved
forward on the airfoil with increasing angle of attack and reached the
l.O-percent-chord station-at msximum lift (12° angle of attack).

Rough surface condition.- The lift, profile drag, and pitching-
moment coefficients of the plain wing with the rough surface condition
(filter paper from l-percent chord on the lower surface to 6-percent
chord on the upper surface) are given in figwre 6. These data tiucate
that the addition of roughness to the leading edge resulted in an
increase in the profile drag and a decrease in maxhum lift coefficient
from l.30 to 1.15. There was little change in the stalling and pitching-
moment characteristics other than that associated with the decrease in
msdmlum lift.

The chordwise distributions of pressure were similar to those of the
wing in the smooth condition (fig. 7) except for an area near the leadb
edge, as indicated in figure 8(b). The discontinuities in the pressure-
coefficient variation near the leading edge were noticeable for given
orifice statima at lower angles of attack.

Wing With Various Chordwise Extents of Area Suction

The determination of the optimum chordwise extent of suction for
maximum lift was made using the wing with the nose section porous
from O- to 5-percent chord on the upper surface with a single thickness
sheet of filter paper as the permeable material (material 1 of table I
and fig. 4). The effect on maximum lift ofpro~essively closing off
various portions of the porous surface with a nonporous tape is shown in
figure 9 for values of the minimum

?
suction velocity v

9

of 1 and 5 feet
per second (a V“ of 0.006 and 0.031, respectively . For values
of Vti of 5 feet yer second or greater, the lift coefficient attainable *

—.
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remained relatively constant. The section flow coefficients are given
in figure 10. Included in figure 9 is the lift curve of the plain wing
for the smooth surface condition.

FiWe 9 shows that reducing the chordwise extent of area suction
to less than about 3-percent chord results in a decrease in maximum lift.
With suction over more than 3-percent chord, the value of the maximum
lift was not.changed.appreciably but the quantity of suction flow
required was increased (fig. 10). This was true for minimum suction
velocities v~ of 1 and ~ feet per second although the value of

maximum lift and the corresponding quantity of suction flow was less
for the lower suction velocity.

Thwaites, in reference 5, presents a theoretical.discussion of the
application of area suction for two-dimensional wing sections. A method
is put forth whereby the chordwise extent of suction necessary to
overcome separation can be estimated from the extrapolated pressure
distributions of the wing without suction. The distance over which the
suction should be applied need extend only to the chordwise station at
which the adverse velocity gradient corresponding to the desired lift
coefficient is no more severe than the maximum velocity gadient reached
on the wing without suction prior to the stall.

Applying the method of reference 5 to the wing of the present
investigation, the chordwise extent of area suction required to attain
a lift coefficient of 1.8 is indicated to be approximately 3 percent.
This value is in good agreement with the experimentally determined
value (fig. 9). Applying the same analysis to the data of reference 3
also shows good agreement.

Wing With Area Suction From the Leading Edge
to 3-Percent Chord

With the nose section porous from the leading edge to 3-percent
chord (chosen on the basis of the data presented above), the effect on
suction-flow qusatities and power required to obtain a given lift due
to changes in the distribution and flow resistance characteristics of
the permeable surface material were investigated. Variations b the
chordwise distribution of resistivity of the porous materisl were
obtained with four arrangements of materials 1 and 2 of table I. The
arrangements tested are designated configurations A, B, C, and D and
are shown diagrammatically in figure 2. Configurations A and B have
constant thickness of materials 1 and 2, respectively, over the porous area.
Configurations C and D are combinations of materials 1 and 2; material 1
covers the entire porous section of the nose, while material 2 extends
over part of the porous area. With this arrangement of the porous material-j
an abrupt discontinuity in the total resistivity occurred where material 2

.—.—.—-— -- —— — ——— — .-——— -—-..——
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terminated and resulted in a discontinuous or “ste~ed” distribution of
suction-air velocity.

Lift and flow characteristics.- The variation of lift coefficient
with angle of attack for each of the four configurations is given in
figure 11 for various values of the suction velocity Vfin. The
corresponding suction pressures, flow coefficients, and power drag
coefficients are shown in figure 12. The power drag coefficients were
computed by the method given in the appendix. Figure Xl indicates that,
@th suction, the attainable maximum lift coefficient is dependent on
the minimum suction-air velocity v*. This is further illustrated in
figures 13 and 14which show the variations with flow coefficient and
v~ of the maximum lift and the lift coefficient for an angle of attack
near that for maxhum lift. Included in the figures are the chordwise
distributions of suction velocities at constant values of either flow
coefficient or Hft coefficient. As the minimum suction vel~city v~n
was increased, the lift coefficient, both the ~ and at constant
angle of attack, increasedup to a certain critical-value of velocity,
above which the lift coefficient attainable rematied relatively constant.
For configurationsB and D, vti was limited by the blower system
because of the high resistivity of the porous material. For configuration
Awithamhinmm suction velocity of 4 feet per second (v~/Uo of 0.025)
a maximum lift coefficient of 1.8was obtained (fig. 13). It shouldbe
pointed out that it is difficult to obtain consistent data at maximum lift
because of the effects small changes in the surface condition of the
model and the yorous leading edge have on the stall. Therefore a better

o

comparison of the flow characteristicswith the different arrangements
of porous materials can be made at an angle of attack below the stall,
as shown in figure 14. At 16° angle of attack, a lift coefficient of 1.71.
was obtained with configurationsA, B, and C with a critical minimum
suction velocity of the order of 4-to-5 feet per second (a v~#Uo of
0.025to 0.031).

A comparison of the suction-velocity diagras for configurationsA
and C, as shown in figure 14(b), indicates a marked difference in the
section flow coefficient required to attain a lift coefficient of 1.71.
Satfsfactorym characteristicswere obtained for configuration C with
suction velocities as low as 2 feet per second with a suction velocity at
minhum external Tressure v- of 5 feet per second. In the case of
configuration B, the section flow coefficient was less than that of
configurationA for a given VA but the high flow-resistance charac-
teristics of the yorous material necessitated a low plenum-chamber
pressure and resulted in a high section power drag coefficient (fig. 12).

Drag and moment.- The profile drag aud moment characteristics of the
plain wing and the wing with suction (configurationA) are ~resented in
figure 15”. Included h this figure are totaI drag characteristics of
the wing with suction.

.
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,, The effect of suction was to reduce the profile drag over that for
the wing with the rough surface condition, particularly for high lift
coefficients. At low lift coefficients, roughness of the suction surface
probably caused early transition. As the incidence was increased up to
a lift coefficient of approdmately 0.5, the profile drag decreased for
the wing both in the rough surface condition and with suction. This
decreasing drag with increasing lift maybe explainedby the fact that
the transition point on the lower surface probably moved back, whereas
the transition point on the upper surface remained relatively fixed.

The profile drag of the model with suction was a function of the
minimum suction-air velocity v~ as shown in figure 15(b) for
configurationA. Above a V* of approximately 5 feet per second the
drag was relatively constant; below this value of minimum suction velocity
the drag increased with decreasing minimum suction velocity. Although
the use of area suction caused relatively large decreases in the profile
drag, when the section power drag (i.e., the drag equivalent of the
suction power) is included, area suction is seen not to reduce the total
drag except possibly in some cases for high lift coefficients.

lEcternalpressure distribution.- The chordwise distributions of the
external pressure coefficients on the model with suction are shown in
figure 16 for values of the minimum suction velocity of 2 and 5 feet
per second. The data in this figure are for configuration A but are
typical for all configurations below the angle of attack at which
maximum lift occurred. In figure 17, the variation of the pressure
coefficients.at10-, 40-, and 80-percent chord with angle of attack are
presented for the four configurations along with similar data for the
plain wing. For chordwise locations aft of 10-percent chord, the pressure
coefficients at a given angle of attack were the same for the plain ~
and configurationsA, B, C, and D with suction.

The variations of the pressure coefficients near the leading edge
with angle of attack for configurations A, B, and C are shown in
figure 18. Pressure coefficients at O- and 2-percent chord are presented
for configurationA only but are typical of the other configurations.
At 0.6- and 1.2-percent chord the variation of pressure coefficient with
angle of attack is discontinuous, having a region of relatively constant
pressure which, as mentioned previously, was shown by reference 9 to be
indicative of a region of l.aminarseparation.

Boundary-Iayer Measurements

.

The results of surveys of the boundary layer at 10- and 95-percent
a chord of the wing are presented in figures 19, 20, and 21 in the form

of velocity profiles and the derived boundary-layer momentum thickness
e/c and shape psmmeter H. Data are presented for the plain wing and.
the wing with 3-percent chordwise extent of suction (configurationA).

—— _——_— —- —. — ———
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Figure 19 presents the boundary layer at 10-percent chord on the wing
with suction for angles of attack of 15° and 16° for minimum suction
velocities up to 8 feet per second. No measurements were made of the
boundary layer at 10-percent chord on the plain wing. The boundary-layer
momentum thickness for the wing with suction increases rapidly with
decreasing mirdamm suction-air velocities below appro-tely 5 feet per
second as would be expected from the drag and lift results.

The sta12 of the plain wing (smooth surface condition) was abrupt
(see fig. 6). The boundary-la~r shape parameter H for 95-percent
chord was 2.1 at the stall (fig. 21). A value of 2.6 to 2.7 is considered
to be indicative that separation of the turbulent boundary layer has
occurred (references 9 and 10). On the basis of these data, it is
believed that the stalJ_without suction was not caused.by separation of
the turbulent boun~ layer. The type of stall that limited the
maximum lift of the plain wing maybe classified as leading-edge stall,
as defined in reference 9.

With suction, the shape parameter H attains values of the order of
2.5 to 2.7 that were dependent on the midmum
(fig. 21.).

suction-air velocity
These data indicate that the stall of the wing with suction

probably resulted from turbulent separation from the trailing edge.
With the small change in the shape paameter resulting from increasing
the mintmum suction-air velocity from 5 to 8 feet per second, it is
doubtful if midmum suction-air velocities in excess of 8 feet per
second would be effective in further increasing the maxbum
Subsegment increases in the maximum lift would be dependent
effective means of control of the turbulent boundary layer.,

Stagnation ~cation

lift.
on a more

Examination of the pressure-distribution data showed a change in
the position of stagnation for the wing with suction compared to that
for the plain wing, as shown in figure 22. The stagnation point was
found by plotting the pressure data for a given orifice-measuring
station against angle of attack. To compare these data with potential-
flow theory, the stagnation positions were calculated for a Joukowski
airfoil of the same leading-edge raCHus and a Joukowski airfoil whose
coordinates match closely the plain wing coordinates in the nose region
(L.E.R. = O.O1O2C). The computed values are also shown in figure 22
compared to the plain wing. For angles of attack from 5° to 12°, suction
resulted in a forward movement of the stagnation position on the wing
compared to that for the plain wing. Above an angle of attack of 12°,
the stagnation position with suction approached that indicated from
potential flow considerations of a plain wing.

.
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ANALYSIS OF POWER REQ~S

Previously in the discussion the effectiveness of area suction has
been indicated primarily in terms of the external a=odp=ic coefficients.
These qualities, however, do not provide an adequate means of judging
the over-all effectiveness of area suction because no account has been
taken of the power regyired for suction.

The determindionof the porous material arrangement for midmum
power is governedby the suction-air-velocitydistribution necess~ to
obtain a given lift coefficient at a prescribed free-stream velocity.
The suction-air velocity and distribution of velocity and the suction
pressure are related directly to the resistivityof the material used
for the porous area. The suction power is a function of the chordwise
extent of the porous area, the suction pressure necesssry to induce
the requisite flow through the porous material and the velocity of the
free stresm.

In order to show the effects of different flow-resistance character-
istics of the porous material on the power required for suction, calcula-
tions were made of the power drag coefficients Cw of the wing of the
present investigation, assuming various materials for the porous area.
The results will not be dependent on the material itself but rather on
the index of resistitity T of the material. Porous materials with
equal flow-resistance characteristics will exhibit equal suction-power
requirements● The effects of surface roughness on the power were not
considered. The calculations were made following the procedure previously
discussed under the section Test Methods, assuming the porous area to
extend from O- to 3-percent chord and using an external pressure distribu-
tion equal to that of configuration for a v- of 7 feet per second.
The computations are for a dynamic pressure ~ of 30 pounds per square
foot.

Results are presented for constant chordwise distribution of
resistivity and for variable resistivity.

Constant Resistivity

Calculations were made assuming that the porous surface of the wing
consisted ox a constant thickness of uniform material for each of the
porous media represented in figure 23. The computations were made for
assumed section lift coefficients of 1.71 and 1.U and ndnhmm suction-air
velocities v~ of 2Y 4Y 89 and E feet per second.

The cmputed section power drag coefficients are presented in
figure 24. Examination of this figure indicates that for the wing of
this investigational a section lift coefficient of 1.71, minimum power

.. ——— —— -—- . . .— — —- ———— .—— — —.._



for a given V* would be obtained with materials having the following
porosity characteristics:

.

v~ Index of .

(fPs) ref3iS_biVi%y, T

2 7.6
4.0

: 1.4
12 1.1

As the Vti is increased, the index of resistivity necessary for
minimum power decreases. For a given v*, materials with indices of
resistivity lower than that for minhum power show a quite rapid rise
in the power required. Materials with higher indices do not show as
rapid an increase tipower required but tie Preswe ratios (Po/PI)
are excessively large. For a section Uft coefficient of l.~, the
values of -r for nddmum power were about the dsme as for a lift
coefficient of 1.71.

The experhnental data for the wing with constant thiclmess of
material 1 (configurationA), presented in figures 13 and 14, indicate
that satisfactory lift characteristicswere obtained with a V*
of 4 feet per second. FYOm figure 24 it can be seen that minimum power
for a Vti of 4 feet per second, using a constant thictiess of material .
as the porous surface, was approached quite closely in the tests with
material 1 having a T of 7.0. For the conditions of the tests, that
is, V* of 4 feet per second, lift coefficient of 1.71>

3
Of 30 pounds

per square foot, and chord of 4.5 feet, the power drag coe icient for
configuration A was 0.033 which corresponds to a horsepower per foot
of span of 1.3. At the V* of 5 feet per second necessary to obtain
a lift coefficient of 1.71 with configuration B, which had a more dense
material for the porous area, the power ~ coeffici~t -S 0.064 w~ch
corresponds to a horsepower per foot of span of 2.5.

Variable Resistivity

For a uniformly porous material the chordwise distribution of
resistivity of the material may be varied by stepping or tapering the
thSckness of the material. Numerous chordwise distributions of suction-
air velocity are possible, depending on the distribution and resistivity
of the material used. The variables involved affect the suction pressure
required as well as the chordwise distribution of suction-air velocity.
Possible reduction in power depends upon the attainment of satisfactory
lift characteristicswith the resulting suction-air-velocitydistribution. “
In addition, the physical size of the wing section hposes restrictions on
the thiclmess of the material required to give a desired velocity distri-
bution.

G

— —.
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.

In order to i~ustrate the change in power resulting from a change
in chordwise distribution of the index of resistivity T of the
material, calculations were made for an assumed section lift coefficient
of 1.71 and a v~ of 5 feet per second for various chordwise distri-
butions of thickness of material 7 of table I. The index of resistivity
T of this wteri~ is 3.6 which is approximately the resistivity

necessary for midmnnn suction power for a Vtin of 5 feet per-second
with a constant thickness of material. The arrangements for which
computations were made are shown in figure 25 with the corresponding
suction-air:velocitydiagrams. The power drag coefficients q for
these a~>rangementsare tabulated below:

rVdOcity distribution I Cw I

(a) Increasing from
L.E. to 0.03c
(constant T) o.02g

(b) Constant velocity ● 020

(c) Decreasing from

L.E. to 0.03c ● 015
,

It is a~srent that power drag coefficients can be calculated for
various taper arrangements between (a) and (c) of figure 25 as well as
tapered thicknesses greater than (c). Power drag coefficients also can
be calculated using materials ofporosities different from that of
material 7. If these materials were tapered to match the suction
velocity diagrams in figure 25, the resulting power drag coefficients
would then be dependent on the plenum chsmber pressures which are a
function of the resistivity of the material. Thus materials other than
7 and thictiess distributions other than those discussed above coul.dbe
used which would give power drag coefficients greater or less than those
shown for material 7. A practical imitation of the porous material
itself must be considered if usable values of suction power axe ti be
obtained. The limitation would be sufficient th.iclmessfor strength
at the leading edge of the suction area without excessive thiclmess
at the rearmost point of area suction. This limitation, applicable to
porous materials of uniform resistivity, could be overcome if porous
materials of varying resistivity for a constant thiclmess were available.

The resistivity of the material also maybe vsried chordwise by
stepping the thickness of the material as was done for configuration C
(fig. 2). As a multistep arrangement would approach that of the tapered
arrangement, the ssme discussion as applied to the tapered materials wi12
in general apply to the stepped arrangements. The experimental data in
figure 14 show that satisfactory lift characteristicswere obtained with
configuration C for a v~ of 5 feet per second. For the conditions
of the test, that is~ vmin of 5 feet per second, lift coefficient of 1.7,

. ~ of 30 pounds per square foot, and chord of 4.5 feet> the Power ~%

—— .——— -- —. —
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coefficient was
SPan of 0.96.

Power drag

NACA TN 2847

o.024 which corre~onds ~ a horsep~r per fOOt Of

coefficients lower than those given above may be possible
with materials and distributions of resistitity other than those
~ustrated in figures 2 and 25. Again, the minimum ~ower attainable

is governed by the suction-air velocity necessq to obtah satisfactory
~“ characteristics at a give nfree-streamvelocity.

CONCLUDING REMARKS

The mad.mum lift of the symmetrical 10.51-percent-thickwing was
increased from a lift coefficient cz of approximately 1.3 to approxi-
mately 1.8 by means of area suction over the first 3 percent of chord
for a section flow coefficient of 0.0014 at a free-stresm dynamic pressure
of 30 pounds per square foot.

The madmum lift of the plain wing appeared to be limited by
leading-edge stall, whereas the stall of the wing with suction appeared
to result from separation of the turbulent boundary layer from the
trailing edge. This would make subsequent increases in the maximum lift
dependent on control of the turbulent boundary layer.

.

The flow-resistance characteristics as we~ as the chordwise
variation of permeability were found to be important in reducing the
suction-flow quantity and suction power required for a given lift. A
cz of 1.71 was attained with a CQ of 0.00135 and a power drag
coefficient ~ of 0.033 with a porous surface material of constant
resistivity. By stepping the thickness of the porous material.and
hence changtig the chordwise distribution of resistivity, the CQ
required to attain a cz of 1.71 was reduced to 0.0008 and w was
reduced to 0.024.

.
An analysis of the effects of the distribution andresistivity of

the porous surface material on the suction power and velocity distribution
indicated that power drag coefficients lower than those obtained in the
tests maybe possible. It must be emphasized, however, that the mindmum
power attainable utll be governed by the suction-air velocities necessary
to obtain satisfactory lift characteristics at a given fre~stream velocity.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics

Moffett Field, Calif., Sept. 30, 1952.

———— — ..—
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APPENDIX

D~ION OF SIXTION POWER DRAG COEFFICIENT
.

In deriving an expression for the suction power in terms of the
test variables Pl, cQand ~, it was assumed that the air is a perfect
gas with a value of 7 = 1.4, the absolute pressure at sea level is
2u6 pounds per square foot, and the dynamic head of suction air was
negligible. Ducting and compressor losses were neglected.

The power required of a compressor to pump the suction air back to
free-stream static pressure canbe est-ted for single-stage adiabatic
compression (see reference 11) by means of the following e~ression:

Power
=(~)~p.[r$)v -J “)

In order to express the power in a form more comparable to the
aerodynamic
in terms of
the suction

By assuming
through the
in terms of

coefficients, the-power required for suction can be written
a power drag coefficient, that is, the drag equivalent of
power:—

~=3wr-)Q1+%p -.] (z)

a constant temperature throttling process as the air passes
porous material, Ql in the above equation maybe expressed
the coefficient CQW ??rom the equation of continuity

~peds
Q= C@oC —

PI s ds
(3)

where the limits of integration are the foremost and rearmost points of
area suction. The evaluation of equation (3) maybe simplified by
assuming that

Hence,

approximately.

.fPeds~=po
Po

Ql = cQu& —
PI

(4)

(5)

_ .—-— ..—.—- — —. .— _ _ —_ ——. .————. . -—
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Using the relationship

PI“PO
~=~ (6)

and substituting equation (5) into equation (2) and e~anding the
resulting expression in a power series, the section power drag
coefficient for low subsonic Mach numbers caa be expressed in terms
of the test variables as

Cw ‘-CQ PI I ()~+(l-a)%% +(1-27)(1-37) p;% 2 -+. 00-+

r= 3! 7’ 0

[

(1-27)(1-37) . . ●

(n+l)! 7n 1-@+1)7] (W)n ‘- ● ](7)

Pl~
where

~
is less than unity.

A solution of equation (7) is presented in figure 26 for a dynsmic
pressure of 30 ~ounds per square foot. fi figure 27, the ratio of
Cw to the quantity -c@= ispresentedas a function of the dynamic
pressure for various values of the suction pressure coefficient.

—— —-———
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TABLE I.- FLOW RESISTANCE CHARACTERISTICS OF POROUS MATERIALS

.

BackedNominal
Material Re&c-with thick- Ah=lvqJ

No. Description
‘ence screen ness

(in.) T

Filterpaper

1 Grade 954,singlesheet 12 Yes 0.0(%5 7.00 1.275
2 Grade952,singlesheet 12 Yes ●007 15.2 1.395
3 Grade950,singlesheet M Yes .007 58.5 1.389

.&2 Single sheetsof grades95kand 952 “12 Yes .0135 21.2 1.395
4 Grade4Q4 13 Yes .0085
5

4.28 1.355
Grade sharksldn 13 Yes ●005 7.6o 1.44-4

Sinteredbronze

6 Grade3 14 No 0.1.56 5.95 101.27
MS-804 15 No .062

i
3.60 1.184

Part No. R-8W1 16 No .031 24.9 1.385I

Ehd grainwood

9 oak -- Yes 0.25 7.60 1.598
10 Balsa -- Yes .25 68.0 1.878
l-l Mahogany -- Yes .25 82.2 1.992
12 Birch -- Yes .25 82.2 1.992

Ceramic

13 Refractoryslab 17 No O.yl 34.1 1.365
14 Plasterof Paris -- Yes .125 40.0 1.0

Perforatedmetalsheet

15 No. O staggered la No 0.02J. 0.009 1.915
16 No. 1/20staggered 18 No .031 .020 1.985
17 @ count, 0.013in.hole size 19 No .007 .006 1.649
18 65 count,0.005in.hole size 19 No .006 .(3351.595

Felt cloth
\

Color Lb per yd g;: ‘~~n

19 Lightgray 0.25 60 40 20 Yes

20 White
0.031 0.12 1.z79

1.0 65 20 Yes .~ .42 1.254
21 Darkgray 2.1 :: 40 20 Yes .250 .75 1.179
22 Dark WY 4.2 60 40 20 Yes 1.25 1.287
23 Black 5.3 40 20 Yes :Z 1.01 1.246
24 White 8.4 1%’ o 20 Yes .508 8.3 1.263

DrilJedm?tal plate (0.028dia. hole)

25 ole spacing,0.125x 0.10 in.stagpered- - No 0.125 I 0.20 ~.936

Sinteredsteel

26 rade E 21 No 1.253

. ——....—.— — -. _______— . .. . . .. ...— — .——— ——
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TABLE II.- SYMMETRICAL AIRFOIL USED IN THE INVESTIGATION
[Percent airfoil chord]

(a) Coordinates

Station I Ordtnate

o
.5
.75

1.25
2.5

;.5
10
15
20
25
30
35

0
1.08
1.31
1.64
2.21
2.94
3 ● 433
3.807
4.352
4.724
4.995
5.166
5.255

L. E. @iUS: 1.304

Station

40
45
50

Ordinate

5.253
5.164
4.994
4.733
L401
3,982
3.481
2,910
2.329
1.747
1.166
.93

0

.

(b) Comparison with NACA 0010.51 airfoil

---- .—
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TABLE III.- END PIATE AND SLAT COORDINIYTES
[Percent airfoil chord 1

.

.

.

(a) End plates (symmetrical about wing chord
and 0.75 in. thick).

Station Ordinate Station Ordinate

-33*3 88.9 44.4
-20 3;.6 100 43.0
-lo 39.1 llo 39.1
0 43.0 I-20 31.6
SL.1 44.4 133.3 0
5’0 44.4

(b) Slat

~.E.radius: 1.00

Ordinate Orciinate

Statim @per Lower Station L@Per Lower
surface surface surface surface

-17.2 -4.71 -4.71 -12.o -0.67 -0.67
-17.0 -3*93 -5.22 -8.0 .76 .76
-16.0 -2.82 -4.26 3.34 3.34
-15.0 -2.13 -2.98 ;.7 5.19 5.19
-14.0 -1.59 -2.07
-13.0 -1.08 -1.30

Center .Station Ordinate
of L.E.R. -16.7 .4.91

———-—. ——-——— — ——.—— —— ..— _ . . . .
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,’

.

Figure l.- The 10.51=percent-thick symmetrical airfoil with

leading edge.
a porou6

‘, .— ———— --- —-— —- —.——— - _—. ——
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.

(a) Det~l of porous leadiqdge construction.

. . ,.. -

W
I

fribs+mWd
m 6“ceJ7mrs \o Iss=-J

xJ%’%J&%&%%J%s%

(b) Section thruugh maiel with the nose block having a porous surface
from O to O.@c on the upper surface.

(C) The configurations tested with the nose section porous from
O to 0.03c on the -r surface.

Figure 2.– Detail of Ih model construction and the porous leading+dge
configurations tested.

——
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h

Typicul suction- uir
velocities, v

27

suction on upper SUThC8-

H

o

Typical pressure coefficient
differences ocross porous
moteriul

I

Lo
~ordwise stotion, x/c

q
Figure 3.- Diogrmmuhc fepresentotion of the expressions used ~

in determining the chordwise suction- uir - velocity distribution.
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t ancii? combined,
f Material number

See table I

#

/
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/

,

w

,1 .#? .4 .6 .8 I P 4 6 810 20 40 60 100

Suction - air vetocly, v, fps

E
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~

Figure 4.- Flow-resistance characteristics of the porous materials used in the t~t~ g
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(a) General arrangement of porous material sample,and ASME orifice.

.

(b) The lbesh (O.023 dia. wire) wire cloth used for backing porous
materials.

Figure ~.– Test setup for porous material calibration.
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Figure 7.- Chordwise distribution of pressure over the plain wing for the
smooth surface condition.
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Cmfumfion
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F/gure 13. - The effect of minimum suction velocity on the
maximum lift for the various configurations tested.
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F7gure 14.- The effect’ of minimum suction veloc?y
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(a) Variafion of drag and pitching moment w“th lift coefficient.

Figure 15.- Effecf of suction on the dmg and momenf charactedstics of fhe model.
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Minimum suction velocity, vmjn, fps

(b) Voriotion of profile drag coefficient with

suction - air velocity. Con figurotlon A.

Figure 15. - Goncluded.
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figure 17.- Variation of the pressure coeffic.ien@ at particular
stations with angle of attack for the various configurations

chordwise
tested.
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